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In a recent comments,1 Zhao et al. argue that the
definition of dimer orders used in our paper (Ref.2) may
not rule out valence bond solid (VBS) orders of J1-J2
model on the open boundary conditions (OBC). In this
reply, we show that their argument does not apply to our
case.
The definition of dimer order parameter in our paper2
is:
m2dα =
1
N2b
∑
i,j
(〈Bαi B
α
j 〉 − 〈B
α
i 〉〈B
α
j 〉)e
ik·(i−j), (1)
where Bαi = Si · Si+eα is the bond operator defined on a
pair of nearest neighbour sites i and i+ eα along the α
direction with α = x or y. Horizontal dimer values m2dx
and vertical ones m2dy are obtained with kx = (pi, 0) and
ky = (0, pi), respectively. The Eq. 1 can be also expressed
as,
m2dα = 〈D
2
α〉 − 〈Dα〉
2. (2)
where Dα =
1
Nb
∑
i(−1)
iαBαi . It has been analytically
proven that the dimer order parameter is nonzero in the
thermodynamic limit for typical VBS states,3 and it has
been used to detect VBS orders on periodic boundary
conditions (PBC),3 as well as cylindrical geometryies4,5
in numerical simulations.
In the comments of Ref.1, Zhao et al. argue that m2dα
can not be used to rule out VBS orders. They demon-
strated their argument on the so-called J − Q3 (with
J = 0) model on open square lattices, whose ground state
is a strong VBS state. They propose that one should
use other VBS order parameters, such as 〈D2α〉, 〈Dα〉
2,
or a symmetrized form 〈D2x〉+ 〈D
2
y〉 −
1
2 (〈Dx〉 + 〈Dy〉)
2.
However, their arguments have a prerequisite, i.e. the
ground state has symmetry breaking. In our paper,2 we
have checked very carefully that there is no symmetry
breaking in the ground state. In fact, we have pointed
out in our paper2 that “We find that m2dx and m
2
dy
are almost the same within numerical precision at each
lattice size, reflecting the isotropy of horizontal and
vertical directions, which is expected for the true ground
states and exclude the CVB phases.”
To directly address Zhao et al.’s concerns, we plot the
VBS order parameters of various definitions including
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FIG. 1: Inverse system size dependence of different definitions
of the VBS order parameter at J2/J1=0.55.
m2dx+m
2
dy, 〈D
2
x〉+〈D
2
y〉, and 〈D
2
x〉 + 〈D
2
y〉 −
1
2 (〈Dx〉 +
〈Dy〉)
2 etc. at J2/J1=0.55 up to a 16 × 16 lattice
2 in
Fig. 1. As one can see that all the different definitions
of VBS order parameters approach zero in the ther-
modynamic limit by a second order polynomial fitting.
Especially, 〈Dx〉
2 and 〈Dy〉
2 are almost identical, and
as a consequence the symmetrized order parameters
〈D2x〉+〈D
2
y〉−
1
2 (〈Dx〉+〈Dy〉)
2 are identical tom2dx+m
2
dy.
These are strong evidences to rule out the VBS states
based on our current calculations.
In addition, our conclusion that the intermediate
nonmagnetic phase of J1-J2 model is a gapless spin liquid
state is based on a series of consistent evidences. Besides
the dimer order parameters, we have also showed that
the spin correlation functions have power law decays,
suggesting the states have zero S=1 gap. These results
are contradict to those of the VBS states in which the
gap is non-zero, and exponential decays of the spin
correlation functions are expected. Importantly, the
behaviours at J2/J1=0.55 are almost the same as those of
J2/J1=0.5, suggesting that no phase transition happens
in this region.
We note some progress on tensor network algorithms
2was reported in a very recent paper.6 It is expected
that the J1-J2 model up to 24×24 will be further
investigated in the near future, to reexamine all different
scenarios among the calculations by tensor network
methods,2,7,8 the density matrix renormailization group
(DMRG) method,4,5,9 as well as variational quantum
Monte Carlo methods.10
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